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The Repair Enzyme Peptide Methionine-S-Sulfoxide
Reductase Is Expressed in Human Epidermis and
Upregulated by UVA Radiation
Fumihide Ogawa1,3, Christina S. Sander1, Alfred Hansel2, Wolf Oehrl1, Hubert Kasperczyk2, Peter Elsner1,
Kazuhiro Shimizu3, Stefan H. Heinemann2 and Jens J. Thiele1,4
Recently, we reported that photoaging correlates well with the amount of oxidized protein accumulated in the
upper dermis, while protein oxidation levels in the viable epidermis are very low. We hypothesized that this might
be due to epidermal expression of the repair enzymes methionine sulfoxide reductases (MSRs). The expression
of human methionine sulfoxide reductase A (MSRA) was investigated in HaCaT cells, primary human keratinocytes,
and in human skin. High MSRA mRNA and protein levels as well as MSR activity were found in cultured human
keratinocytes. MSRA was expressed in human epidermis, as shown by immunohistochemistry in healthy human
skin. Repetitive in vivo exposure of human skin to solar-simulated light on 10 consecutive days (n¼ 10 subjects)
significantly increased epidermal MSRA expression. To further assess the functional relevance of the enzyme, its
expression in response to UVB, UVA, and H2O2 was investigated in HaCaT cells. While UVB lowered protein
expression of MSRA, an upregulation was observed in response to low doses of UVA and H2O2. In summary,
MSRA represents the only enzyme so far identified in human skin that is capable of repairing oxidative protein
damage. In addition to melanogenesis and DNA repair systems, a wavelength-specific activation of epidermal
MSRA may be involved in epidermal photoprotection.
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INTRODUCTION
As the outermost organ of the body, human skin is exposed to
high amounts of solar UV radiation, as well as to other
environmental oxidants. UVB and UVA radiations are known
to generate a variety of reactive oxygen species (ROS), such
as hydrogen peroxide, superoxide anions, and singlet oxygen,
in the various cells and layers of murine and human skin
(Kitazawa et al., 1997; Scharffetter-Kochanek et al., 1997;
Peus et al., 1998; Klotz et al., 2001). To counteract photo-
oxidative damage to lipids, proteins, and DNA, human skin is
equipped with a complex antioxidative network composed of
enzymatic and nonenzymatic antioxidants (Thiele et al.,
2001). Recently, we have reported that the degree of solar
elastosis and photoaging in human skin correlates well with
the amount of protein oxidation accumulated in the upper
dermis. In contrast, protein oxidation levels found in the
viable epidermis were generally very low, even in chronically
or acutely UV-exposed skin (Sander et al., 2002). This is
remarkable since epidermal skin is exposed to higher UVA
and UVB irradiances than dermal skin. In view of the high
epidermal resistance to protein oxidation, we hypothesized
that the epidermal antioxidative network may possess not
only ‘‘interceptive’’ antioxidant systems that scavenge ROS
but also mechanisms of ‘‘antioxidant repair’’ that are able to
reverse and thus control the levels of protein oxidative
damage. The peptide methionine sulfoxide reductases (MSRs)
belong to a group of repair enzymes that has received
considerable attention recently. These enzymes reduce
oxidized methionines (methionine sulfoxide (MetO)) in an
epimer-specific manner (Sharov and Schoneich, 2000), with
methionine sulfoxide reductase A’s (MSRAs) reducing
methionine-S-sulfoxide and MSRBs reducing methionine-R-
sulfoxide (Weissbach et al., 2002). MSRs have been
described in a large variety of living organisms (Kryukov
et al., 2002). MSRA was first identified in Escherichia coli,
and later found to be expressed in a number of human tissues,
however, with varying expression levels (Kuschel et al.,
1999). On a cellular level, MSRA is present in the cytosol
(Vougier et al., 2003) and in the mitochondrial matrix (Hansel
et al., 2002). MSRA reverses the inactivation of many proteins
due to oxidation of critical methionine residues by reducing
methionine sulfoxide (MetO) to methionine. Unlike other
antioxidant enzymes, its action is independent of metals or
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cofactors, but requires reducing equivalents from a thior-
edoxin regenerating system consisting of thioredoxin and
thioredoxin reductase (TR) (Hoshi and Heinemann, 2001).
The presence of both membrane-bound and soluble TR in
keratinocytes was demonstrated earlier by Schallreuter et al.
(1987, 1989), and is thought to play an important role for free
radical defenses in the human epidermis (Schallreuter and
Wood, 1989).
The oxidation of methionine to MetO represents a post-
translational modification that has been shown to alter
cellular signaling (Wizemann et al., 1996; Ciorba et al.,
1997; Hassouni et al., 1999; Kuschel et al., 1999; Sun et al.,
1999) and is believed to be implicated in a variety of
degenerative diseases, such as emphysema, cataractogenesis,
and rheumatoid arthritis (Vogt, 1995; Squier and Bigelow,
2000). Remarkably, the oxidation of methionine residues in
epidermal proteins has recently been reported for the de-
pigmentation disorder vitiligo (Hasse et al., 2004; Schallreu-
ter et al., 2004). Furthermore, the accumulation of oxidized
proteins is considered a hallmark of cellular aging (Berlett
and Stadtman, 1997; Beckman and Ames, 1998). The ability
to reduce MetO appears to be essential for cells to survive in
the presence of ROS (Moskovitz et al., 1998), and recent
studies demonstrated that MSRA knockout mice have a
significantly shorter lifespan (Moskovitz et al., 2001),
whereas overexpression of MSRA considerably increases
lifespan in Drosophila (Ruan et al., 2002).
The aim of the present study was to investigate the
presence and distribution of MSRA in keratinocytes, includ-
ing HaCaT cells, and human skin, as well as its response to
UV exposure in vitro and in vivo.
RESULTS
MSRA is expressed in human keratinocytes
MSRA mRNA expression was investigated by RT-PCR
methods using RNA isolated from cultured normal human
epidermal keratinocytes (NHEK) and HaCaT cells. The
expected fragment of 350 bp was detectable in both NHEK
and HaCaT cells (Figure 1a). The identity of the fragment was
verified by sequencing. Western blot analysis of extracts
obtained from both cell lines yielded a 25 kDa band using an
anti-human peptide methionine sulfoxide reductase poly-
clonal antibody (Hansel et al., 2002), which correlated well
with the expected protein mass (Figure 1b). Immunohisto-
chemical analysis of frozen tissue sections obtained from
normal human skin samples (n¼12) using the same anti-
human peptide methionine sulfoxide reductase antibody
revealed a strong epidermal MSRA expression, while its
expression in the dermis was very low (Figure 1c). In contrast
to the epidermal distribution pattern of catalase, which was
described recently (Sander et al., 2002), MRSA levels found
in the stratum corneum are relatively low.
MSR activity in cultured HaCaT cells
In order to evaluate whether MSR activity may be found in
keratinocytes, MetO-reducing activity was determined using
MetO-containing peptides, which were analyzed by MALDI
(matrix-assisted laser desorption/ionization) time of flight
mass spectrometry before and after incubation with cell
extracts (Figure 2). Compared to the other cell lines used, SH-
SY5Y neuroblastoma and CHO-K1 Chinese hamster ovary
cells, MSR activity was strongest in HaCaT cells. After
incubation for 2 hours, almost 50% of the substrate peptide
was reduced by extracts obtained from HaCaT cells. Under
the same conditions, SH-SY5Y cells reduced approximately
40% and CHO-K1 cells o20% peptide.
UVB downregulates, UVA and H2O2 upregulate MSRA
expression in cultured HaCaT cells
Following low-dose UVB irradiation, MSRA expression
remained largely unchanged after 24 hours, while a signifi-
cant decrease of MSRA expression was detected 72 hours
after treatment with 5 mJ/cm2 of UVB (Po0.01; Figure 3a). In
contrast, 72 hours after UVA irradiation with 1 J/cm2, a
threefold increase of MSRA expression was detected
(Po0.05; Figure 3b). Exposure of HaCaT cells to low
concentration H2O2 (0.1 and 1mM) tended to increase MSRA
expression after 24 and 72 hours. However, a sufficient level
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Figure 1. MSRA is expressed in cultured keratinocytes and human epidermal
skin. (a) Using PCR primers specific for the human MSRA, a fragment of 350
base pairs, reaching from base 140 to base 490 of the hMSRA open reading
frame, was amplified from NHEK and HaCaT complementary DNA. The
expected fragment of 350 bp was detectable in both NHEK and HaCaT cells.
(b) Cultured HaCaT and NHEK cells were harvested and lysed in Triton-X
100-containing lysis buffer. In all, 30mg of total protein was separated by SDS-
PAGE and assessed by Western blot. MSRA proteins (25 kDa) were detected in
both cell lines. (c) Frozen sections of normal human skin were investigated by
immunohistochemistry using a polyclonal anti-MSRA antibody and the
streptavidin–biotin complex method (n¼ 12). A strong epidermal and low
dermal MSRA expression was found, as evidenced by red staining intensity
and densitometric image analysis. Staining specificity was confirmed
by analyzing negative control slides. Preimmune rabbit serum and
antigen-neutralized antibody solution revealed blank staining results.
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of significance was found only in cells exposed to 0.1 mM
H2O2 after 72 hours (Po0.05; Figure 3c).
Repetitive solar-simulated UV exposure increases expression of
MSRA in human epidermis in vivo
Following 10 days of daily solar-simulated UV exposures, a
significantly higher expression of MSRA was detected in
epidermal layers of human skin (Figure 4b). Furthermore, the
histological staining pattern points to an accumulation of
MSRA mostly in the cytosol of keratinocytes (Figure 4b). After
repeated UV exposures, epidermal-staining intensity was
threefold higher when compared with baseline levels. In
contrast, dermal MSRA levels remained low after UV
exposures (Figure 4c).
DISCUSSION
The present study demonstrates that peptide methionine
sulfoxide reductase (MSRA) (1) is present in cultured human
keratinocytes, (2) is found preferentially in nucleated
epidermal, rather than keratinized, epidermal or dermal
layers of human skin, and that (3) MSRA levels in both
cultured keratinocytes including HaCaT cells and epidermal
skin of human volunteers are regulated by UV radiation in a
dose- and wavelength-dependent manner.
ROS are generated in human skin upon solar exposure and
are believed to mediate redox-sensitive steps in the signaling
pathways, leading to photoaging and photocarcinogenesis
(Berneburg et al., 1999; Afaq and Mukhtar, 2002; Biesalski
et al., 2003). Recent evidence suggests that the use of
sunscreens, while very efficient in increasing the minimal
erythemal dose, may only provide limited protection against
UV-induced ROS generation (Haywood et al., 2003).
Antioxidants are believed to play an important role in the
protection of human skin against ROS generated by solar UV
radiation (Katiyar et al., 2001; Pinnell, 2003). Conflicting
evidence, however, has been reported as to whether or not
topical or systemic antioxidants provide clinically relevant
photoprotection. This may be due to limitations in the current
understanding of the cutaneous antioxidant network, leading
to inactive or even pro-oxidative antioxidant formulations
(Thiele et al., 2000).
In the past two decades, numerous nonenzymatic and
enzymatic antioxidant systems have been identified in human
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Figure 2. HaCaT cells exhibit strong MetO-reducing activity. MSR-activity
measurements: A MetO-containing substrate peptide (His6–Ala–Ala–Gln–
MetO–Ile) was incubated with equal amounts of cell lysates. Peptides were
then analyzed using MALDI-TOF mass spectrometry. HaCaT: immortalized
human keratinocyte. The histogram shows the relative amount of reduced
peptide in the respective experiments. SH-SY5Y: human neuroblastoma cell
line. CHO-K1: Chinese hamster ovary cells. The results shown are
representative of 2–4 separate experiments.
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Figure 3. Influence of UV light and H2O2 on MSRA expression. (a) UVB
downregulates MSRA in HaCaT cells. HaCaT cells were irradiated with the
UVB dose indicated and harvested 24 and 72 hours after irradiation. In all,
30mg protein of each sample was subjected to Western blot analysis. MSRA
densities were normalized to vinculin covisualized on the same membrane.
Shown are means7standard errors. **Po0.01, n¼ 5 independent experi-
ments. (b) UVA upregulates MSRA in HaCaT cells. HaCaT cells were
irradiated with UVA doses as indicated and harvested 24 and 72 hours after
irradiation. Means7standard errors are shown. *Po0.05, n¼5 independent
experiments. (c) Low-dose H2O2 exposures upregulate MSRA in HaCaT cells.
HaCaT cells were exposed to the indicated doses of H2O2 and harvested 24
and 72 hours after exposure. Means7standard errors are shown. *Po0.05,
n¼ 4 independent experiments.
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skin (Shindo et al., 1994; Thiele et al., 2000). While the
antioxidant systems previously described in skin differ with
respect to tissue-specific distribution and quality of targeted
ROS, all have in common that they are interceptive in nature
and lack the ability to repair oxidative protein damage.
The present study demonstrates that high levels of the
antioxidant repair enzyme MSRA are expressed in keratino-
cytes and nucleated human epidermis (Figure 1). Importantly,
keratinocytes appear to possess a comparatively high activity
to repair MetO residues (as shown in HaCaT cells; Figure 2).
Thus, the epidermal antioxidant network not only includes
interceptive antioxidants (Fuchs, 1998; Mustacich and Powis,
2000; Schallreuter and Wood, 2001) but also specific repair
mechanisms to maintain a physiological redox balance. The
relative lack of MSRA found in the stratum corneum (Figure
1c) might contribute to the high amounts of protein oxidation
found in human stratum corneum (Thiele et al., 1999) and the
papillary dermis (Sander et al., 2002), particularly after UV
exposure. Results obtained previously in studies investigating
noncutaneous tissues and cell lines suggest that MSRA may
play an important role in the aging process by providing
increased resistance to chronic oxidative stress (Ruan et al.,
2002). An enhanced resistance to hydrogen peroxide treat-
ment was shown in human T cells stably transfected with
bovine MSRA and exposed to hydrogen peroxide (Moskovitz
et al., 1998). Furthermore, MSRA knockout mice exhibit an
increased sensitivity to oxidative stress challenges, leading to
accumulation of higher tissue levels of oxidized proteins as
well as a shorter lifespan (Moskovitz et al., 2001). Interest-
ingly, the latter study also demonstrated a decreased ability of
MSRA knockout mice to upregulate expression of TR under
oxidative stress conditions. The MSR enzymes are all
connected to the thioredoxin/TR system, and this system
was shown to be inducible by UVA in human fibroblasts
(Didier et al., 2001) and by UVB in human keratinocytes
(Schallreuter and Wood, 2001). Further studies on catalase,
SOD, and glutathione peroxidases suggested that the
individual components of the cutaneous antioxidant network
are closely interlinked and that the goal of increased
photoprotection may require bolstering of more than a single
antioxidant system (Lopez-Torres et al., 1998; Poswig et al.,
1999). The present study suggests that MSRA levels in HaCaT
cells are regulated by UV irradiation in a time-, dose-, and
wavelength-dependent manner (Figure 3a and b). Remark-
ably, MSRA is upregulated by UVA doses as low as 1 J/cm2.
UVB radiation, however, did not appear to upregulate MSRA
protein levels, and higher doses led to a decrease. The latter
effect may be partly due to UVB-induced apoptosis, which
has been shown in the same experimental setup to occur at
low UVB doses (Chang et al., 2003) and due to the oxidizing
effects of H2O2, which was reported to be generated by
epidermal UVB exposure at millimolar concentrations
(Schallreuter et al., 1999). Exposure of HaCaT cells to
lower-dose H2O2 leads to a dose-dependent upregulation
of MSRA levels. Importantly, this occurred at H2O2 levels at
least 2 orders of magnitude lower than those known to induce
apoptosis in keratinocytes, that is, 0.1–0.5 mM (Kulms et al.,
2002; Chang et al., 2003) (Figure 3c). Similarly, it was
reported that lower concentrations of H2O2 increase mRNA
expression of MSRA in human WI-38 lung fibroblasts, while
higher concentrations did not affect its expression. However,
in contrast to the latter study, HaCaT cells seemed to
upregulate MSRA levels already at 100–1,000-fold lower
H2O2 concentrations than fibroblasts.
Increased transcription or activity of several other epider-
mal enzymes has been described upon exposure to low levels
of H2O2 (e.g. pterin 4a carbinolamine dehydratase, dehydro-
pteridine reductase, acetylcholineesterase, and TR (Nordberg
and Arner, 2001; Schallreuter et al., 2001, 2004; Hasse et al.,
2004)). In contrast, higher concentrations of H2O2 above a
cell- and enzyme-dependent threshold (in the present study,
100mM for MSRA in HaCaT cells) tend to decrease enzyme
expression. The latter effect, presumably, is mediated by
oxidizing the active site of cysteine residues, as was shown
for dihydropteridine reductase (Hasse et al., 2004), catalase,
pterin 4a carbinolamine dehydratase (Schallreuter et al.,
2001), and acetylcholine esterase (Schallreuter et al., 2004).
Intriguingly, MSRA and MSRB gene expressions were shown
to decrease with replicative senescence of lung fibroblasts
(Picot et al., 2004). Accordingly, a low expression of MSRA in
cutaneous fibroblasts in aging skin would facilitate the
accumulation of dermal oxidative damage, which was
recently linked to solar elastosis (Sander et al., 2002). In
addition to age-dependent changes in fibroblast MSRA
expression, the far lower cell-to-extracellular-matrix ratio in
dermal versus epidermal tissue may explain the low dermal
levels of MSRA, since MSRA is mostly localized in
mitochondria (Hansel et al., 2002) and the cytosol (Vougier
et al., 2003). In the epidermis, however, a downregulation of
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Figure 4. MSRA expression is significantly increased in human epidermis
after repetitive solar-simulated UV exposures. Sections were prepared from
buttock skin of human subjects (a) before UV exposure and (b) after a 10-day
repetitive irradiation protocol using a solar simulator. Bar¼50 mm. (c) Highest
expression was observed in UV-exposed epidermis as evidenced by red
staining intensity and densitometric image analysis. Mean7standard errors
are shown. ***Po0.001, n¼10.
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MSRA by acute, high-dose UV exposure or other conditions
generating high levels of ROS may alter the epidermal redox
homeostasis and thus contribute to the accumulation of
oxidative damage associated with aging (Esterbauer et al.,
1991) or skin cancer (Sander et al., 2003).
Immunohistochemical analysis of skin biopsies obtained
after 10 daily exposures to solar-simulated radiation revealed
that epidermal MSRA levels in the nucleated epidermis were
strongly increased compared to nonirradiated controls, while
dermal and stratum corneum MSRA levels remained low
(Figure 4). The low MSRA levels found in dermal versus
epidermal skin may at least in part explain why highest levels
of protein oxidation were found in the upper dermis of UV-
exposed human skin (Sander et al., 2002). This finding is
remarkable in that it provides in vivo evidence not only for
the presence of MSRA in human skin and its preferential
distribution in the epidermis but also for a possible role of
MSRA induction as a UV-stress response in human skin.
Recent evidence suggests the existence of UV-inducible
mammalian DNA damage responses that increase DNA
repair capacity after DNA damage and hence reduce the
impact of future exposures to environmental carcinogens
(Goukassian et al., 2004). Similarly, we suggest that low-dose
UV-induced ROS and, subsequently, oxidative protein
damage may activate specific protein repair enzymes such
as MSRA. Since TR, the electron donor for MSRA, underlies
transcriptional downregulation by p53, altered expression of
the latter should also have a profound effect on MSRA activity
(Vile, 1997; Schallreuter et al., 2003) and may contribute to
the short lifespan observed in the p53-overexpressed mouse
(Tyner et al., 2002). Future studies should investigate other
variants of protein oxidation repair enzymes such as the
recently described MSRB variants (Jung et al., 2002;
Moskovitz and Stadtman, 2003) in human skin, since MSRA
only reduces the S-epimer of MetO.
In conclusion, MSRA represents the only enzyme so far
identified in human skin that is capable of repairing
oxidatively damaged proteins. A better understanding of the
systems and mechanisms involved in the physiological
antioxidant network of the human skin may help to develop
more efficient antioxidant strategies for the prevention of
photocarcinogenesis and photoaging.
MATERIALS AND METHODS
Cell culture
NHEK cells were purchased from Cloneticss (BioWhittaker,
Heidelberg, Germany), and maintained in 75 cm2 flasks with
Keratinocyte Growth Medium BulletKits (cc-3111, Clonetics,
Heidelberg, Germany) in a humidified atmosphere at 371C and
5% CO2. Immortalized human epidermal keratinocytes (HaCaT
cells) were cultured in 75 cm2 flasks with DMEM medium
(PromoCell, Heidelberg, Germany) supplemented with 10% fetal
calf serum (Biochrom, Berlin, Germany) and an antibiotics mix
(100 U penicillin, 100mg/ml streptomycin, 100 mg/ml amphotericin
B; Sigma-Aldrich, Munich, Germany) in a humidified atmosphere.
Cells were grown to confluence and passaged every 4 days. SH-
SY5Y cells (human neuroblastoma cell line) as well as CHO-K1 cells
(Chinese hamster ovary cell line) were obtained from the DSMZ
(Braunschweig, Germany). CHO-K1 cells were grown in F12
medium supplemented with 10% fetal calf serum (Invitrogen,
Groningen, Netherlands) in an atmosphere of air with 5% CO2.
SH-SY5Y cells were grown in DMEM medium supplemented with
10% fetal calf serum (Invitrogen) in air atmosphere with 10% CO2.
RT-PCR
RNA was isolated from cultured cells using the RNeasy kit following
the instructions of the supplier (Qiagen, Hilden, Germany). The RNA
was then used for reverse transcription into complementary DNA
with Superscript reverse transcriptase (Invitrogen). With PCR primers
specific for the human MSRA, a fragment reaching from base 140 to
base 490 of the human peptide methionine sulfoxide reductase open
reading frame was amplified from the complementary DNA. The
identity of the obtained fragments was verified by sequencing.
Western blots
Proteins were separated on 15% SDS-PAGE gels and transferred
to polyvinylidene difluoride membranes (Amersham Biosciences,
Freiburg, Germany) using a semi-dry Western blot system (BioRad,
Hercules, CA). Membranes were blocked with 5% milk powder/Tris-
buffered saline and treated with polyclonal anti-MSRA primary
antibody (dilution 1:1,000) overnight at 41C. For the generation of
polyclonal antibodies, rabbits were immunized with 0.5 mg recom-
binant, His-tagged human mitochondrial MSRA protein lacking the
N-terminal amino acids 1–22 constituting the signal peptide (Hansel
et al., 2002), in Complete Freund’s Adjuvans for the first injection
and for a second injection 3 months later. Rabbits were bled, the
serum collected, and the IgG fraction isolated. Secondary antibodies
against rabbit IgG coupled to horseradish peroxidase were pur-
chased from Santa Cruz Biotechnology (Santa Cruz, CA), diluted in
5% milk powder/TBS and used at 1:10,000 dilution. Bound antibody
was visualized using femto-signal reagent (Pierce, Rockford, IL) and
Kodak BioMax film (Sigma-Aldrich). As an internal protein control,
mouse monoclonal antibody against human vinculin was purchased
from Serotec (Du¨sseldorf, Germany) and applied according to the
instructions of the manufacturers. Horseradish peroxidase-conju-
gated anti-mouse IgG antibody (Santa Cruz Biotechnology) was used
as the secondary antibody at 1:10,000 dilution. MSRA Western blot
signal densities were normalized to the vinculin signals obtained on
the same membrane and analyzed densitometrically using an
ImageScanner and ImageMaster Totallab software (Amersham
Biosciences).
MetO-reducing activity
HaCaT, SH-SY5Y, and CHO-K1 cells were collected and washed
once in PBS buffer, resuspended in 300 ml cell lysis buffer (50 mM
Tris, pH 7.5, 150 mM NaCl, 5 mM EDTA, 1 mM EGTA, 1% Triton
X-100, 1 Completes protease inhibitor mix (Roche Diagnostics,
Penzberg, Germany)) and mixed thoroughly. After centrifugation
(15,000 g, 10 minutes, 41C), protein concentration of the supernatant
was determined using the Coomassie plus reagent (Pierce, Rockford,
IL). For activity measurements, a MetO-containing substrate peptide
(His6–Ala–Ala–Gln–MetO–Ile) was incubated with equal amounts of
lysates in the presence of 30 mM DTT at 371C for 2 hours. The
peptides were then isolated using NiNTA material (Qiagen) and then
analyzed using MALDI-time of flight mass spectrometry as described
previously (Jung et al., 2002).
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Tissue samples
Buttock skin of 10 healthy subjects (all Caucasian, skin type II,
female, 20–35 years) was irradiated with a solar simulator (‘‘derma-
light vario’’ with filter h2, Dr Ho¨nle AG, UV Technology, Munich,
Germany) on 10 days with daily increments. The initial irradiation
dose was 0.5 MED, which was determined individually prior to
treatment and ranged from 60 to 120 mJ/cm2 UVB. The cumulative
total dose reached after 10 days of irradiation was 2,0467574 mJ/
cm2 UVB (mean7SD). The UV spectrum of the solar simulator was
composed of o0.2% UVC, 8.5% UVB, and 91.5% UVA. Non-UV-
treated contralateral sites served as internal controls. The human
subject study was approved by the local Institutional Review Board
of Schiller University, Jena, Germany. All subjects provided written
informed consent and The Declaration of Helsinki Principles were
followed throughout the study.
Immunohistochemistry
Skin biopsy samples were rapidly frozen, and stored at 801C.
Tissue sections (6mm) were cut with a cryostat at 251C and stored
at 801C. MSRA was detected immunohistochemically using the
streptavidin–biotin complex method. The staining was performed
using the Ventana NexES automated immunostainer (Ventana
Medical Systems Inc, Strasbourg, France). Samples were incubated
with primary anti-MSRA antibody (dilution 1:500) for 32 minutes. A
biotinylated anti-rabbit IgG secondary antibody, avidin-peroxidase,
and 3-amino-9-ethylcarbazole as a chromogenic substrate were
used to visualize binding of the anti-MSRA antibody. Subsequently,
slides were counterstained with hematoxylin and covered with
mounting medium (Aquatex, Merck, Darmstadt, Germany). After
immunohistochemical staining, digital images were taken and
sections were analyzed using densitometric image analysis (DP-
Soft, Olympus, Hamburg, Germany). Staining specificity was
confirmed by analyzing negative control slides. Preimmune rabbit
serum and antigen-neutralized antibody solution revealed blank
staining results. Antibody solution was optimized prior to use by
experiments with different primary and secondary antibody solution
concentrations, incubation times, and temperatures.
Exposure of HaCaT cells to UVB, UVA, or H2O2
HaCaT cells were UV-irradiated or H2O2-treated as described
previously (Chang et al., 2003), and post-incubated in DMEM
medium with 1% fetal calf serum for indicated time periods. Briefly,
cultured HaCaT cells were irradiated with doses of 0.2, 1, and 5 mJ/
cm2 UVB, and 0.2, 1, and 5 J/cm2 UVA, respectively. Cells were
irradiated with UVB using a PL-S 9 W/12 (UV21) UVB light source
(Philips, Aachen, Germany) at doses of 0.2, 1, and 5 mJ/cm2 and to
Dermalight Ultra1 type UVA1 system (Dr Ho¨nle, Munich, Germany)
at doses of 0.1, 1, and 5 J/cm2. Cells were irradiated on ice to
minimize thermal effects. After postexposure incubation times of 24
and 72 hours, respectively, cells were harvested with Triton-X100-
containing lysis buffer. Furthermore, HaCaT cells were stimulated
with H2O2 at concentrations of 0.1, 1, 10, and 100 mM and
postincubated for 24 and 72 hours, respectively. Subsequently,
30 mg protein of each sample was subjected to Western blot analysis.
To assess cell viability following exposure to UV or H2O2, trypan
blue staining was carried out as described previously (Chang et al.,
2003). At all given time points and doses, cell viability was found to
be higher than 80%.
Statistical analysis
Statistical analysis was carried out by analysis of variance using
InstatTM (Graphpad, San Diego, CA). All data are expressed as
means7standard errors. Experiments were carried out in triplicates
and repeated at least twice.
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